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VERTICAL ZONATION OF THREE SPECIES OF CALIFORNIA 
LIMPETS (ACHAEIDAE) AS A FUNCTION OF PREDATION 
INTRODUCTION 
Various studies indicate the acmaeid limpet 
species Collisella digitalis, Collisella pelta and 
Notoacmea scutum inhabit different vertical zones in 
the rocky-intertidal region. At Sunset Bay, Oregon, 
Shotwell (1950) found that·~. digitalis was situated 
in the upper intertidal, ~· pelta inhabited the mid-
intertidal and N. scutum was located in the mid to 
lower zone in the rocky-intertidal region. Frank 
(1965) observed the same distribution patterns at 
Coos Bay, Oregon as did the author in the rocky-
intertidal region near Dillon Beach, California. 
Species distributions in the rocky-intertidal 
region are thought to be limited from above by phys-
ical stress and from below by predation or competition 
(Connell 1970; Dayton 1971; Vermeij 1972; Paine 1974; 
Bertness 1977). The purpose of the present study was 
to investigate effects of the predators Pisaster 
ochraceus, Cancer antennarius and Pachygrapsus 
crassipes on the distributions of the three acmaeid 
limpet species particularly with respect to their 
--- ------ --
---~----·---~---· 
...; 2 -
The effects of predators on prey distributions 
have been studied with exclusion-inclusion cages 
that exclude or include the predator (Connell 1975). 
This method provides direct evidence of the predator's 
influence. However, at study sites in the rocky-
intertidal region near Dillon Beach, California, 
caging was not physically possible. Therefore an 
indirect approach was adopted. 
Although limpet escape mechanisms have been the. 
subject of several studies (Haderlie 1947; Bullock 
1953; Feder 1963; Margolin 1964), there has been 
little effort to relate these mechanisms to inter-
tidal distributions. I assume that if limpet dist-
ributions are limited by predators, there should be 
a negative correlation between limpet escape mechan-
ism efficiency and the distance between a limpet 
species' distribution and a predator's distribution. 
Furthermore, the critical distance will be the vert-
ical distance because the predators under consider-
ation also inhabit distinct vertical zones. Cancer 
antennarius inhabits the subtidal to lower intertidal 
region, Pisaster ochraceus resides in the low to 
middle intertidal and Pachygrapsus crassipes occupies 
1-------------------------- -
- 3 -
the upper intertidal region (Ricketts, Calvin and 
Hedgpeth 1968). 
The efficiency of the limpet escape mechanisms 
was evaluated with two methods. The first involved 
a quantitative study of specific escape mechanisms 
to determine if the limpet species had different 
abilities to escape. The second method evaluated 
the relative effectiveness of the escape mechanisms 
among the limpet species by their abilities to sur-
vive predation in a series of controlled experiments. 
Other studies, such as a field investigation of the 
diet of Pisaster ochraceus, were conducted to deter-
mine if the predators considered in the study were, 
in fact, predators of the limpets. Also, the dist-
ributions of the predator and prey species were 
monitored over an eight month period (February-
August 1977) in order to determine if the vertical 
distribution patterns were stable. 
COLLECTION SITE AND POPULATION SURVEY METHODS 
The study area was located approximately one half 
mile north of Dillon Beach, California in the rocky-
intertidal zone along the protected outer coastline 
1----------------------~~--~------------~-
-- -- ~ --
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between Tomales Bay and Bodega Bay. The population 
survey was conducted in an area fifteen meters long 
{perpendicular to the shoreline) and two meters 
wide. Vertical transect lines were attached to ten 
of the thirteen rocks within the area. The transect 
lines were calibrated in increments of 0.3 meters 
with a surveyor's transit level. Field data were 
collected once each month. All limpets along the 
transects were identified to species level, measured 
{shell length) ahd their position in the vertical 
gradient recorded. The vertical position of the 
predators {Cancer antennarius, Pisaster ochraceus 
and Pachygrapsus crassipes) that were found in the 
area,was also recorded along with the carapace width 
of the crabs and the arm length of the starfish. 
Specimens for laboratory experimentation were coll-
ected in an area near the population survey site and 
were placed in tanks and aquaria provided with run-
ning seawater within an hour of collection. The 
specimens were used in experiments within two days 
of collection. 
- - ----- ---- -
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ABUNDANCE AND DISTRIBUTION OF LIMPETS AND PREDATORS 
Throughout the survey period, the vertical dist-
ribution patterns of the limpet species were constant 
(Figs. 1 & 2). Collisella digitalis was consistantly 
found in the upper intertidal, Collisella pelta in 
the middle to lmv intertidal and No_t_o_a_c_me_a______S_C_U_t_um Ha_s,____ ________ _ 
found in the lowest region of the intertidal zone. 
However, during the period from June to August, heavy 
sand deposition occurred (in some places 1.4 meters 
of sand accumulated by August) burying many of the 
rocks and virtually eliminating the ~· scutum popul-
ation by August (Fig. 1) . This aJ?parently caused 
some upward migratio~ in the other species which is 
reflected by a drop in overall abundance (Fig. l) 
and an increase in density (Fig. 2) in the 1'-2' 
and 2'-3' tidal levels from June to July. 
Pisaster ochraceus was the most abundant predator 
in the study area. Prior to June 1977, ~· ochraceus 
density was greatest in the lower zone where Notoacmea 
scutu~ was most abundant (Fig. 3). As the sand ac-
cumulated in the lower levels from June to July, the 
starfish also appeared to migrate to higher levels as 
indicated by a drop in density in the lower level 
--- ------
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Figure 1. Total abundance of the three limpet 
species in the survey area from February to 
August 1977. 
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Figure 2. Density (~bundance/.M2 L o..f the thJ::ee· 
. . 
limpet species in the survey area; at ea..ch · 
- ------
tidal elevation from Februa..r~ to August 1977~ 
Elevations are listed in feet to corres·pond 
to ti.de ta.,ble listings. 
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Figure 3. Density (abundance/M2) of Pisaster 
ochraceus in the survey area at each tidal 
elevation (listed in feet) from February to - -------------
August 1977. 
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and a simultaneous increase in density in the 
upper levels. Total abundance of P. ochraceus also 
increased during this period (Fig. 4) which was 
possibly due to starfish from adjacent rocks sit-
uated lower in the tidal gradient migrating to the 
higher rocks in the study area. The total abundance 
then decreased sharply in August when the available 
surface area in the survey site was reduced 89.3% 
from February 1977. 
Only two Cancer antennarius were observed in the 
study area during the survey period. These were 
found in the lowest zone of the transect in June 1977. 
The study area was not located sufficiently low in 
the intertidal to monitor the major distribution of 
this crab. These, crabs were, however, observed in 
great abundance in a lower intertidal area close to 
the survey site. 
Pachygrapsus crassipes was not observed in the 
study area during the survey. This crab normally 
occurs higher in the tidal gradient than the area 
~ncompassed by the survey. 
1-------------------------------
----- - ------
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Figure 4. Total abundance of Pisaster ochraceus 
in the survey area from February to August 
1977. 
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RESPONSE TO 'PREDATOR ATTACK 
Limpets were placed with predators in experimental 
tanks and aquaria equipped with running seawater. 
Observations were made on the predators' modes of 
attack and the response of limpets to the attacks. 
-lf---~~~~~~1.-i-mp-e-t.-5----t.tvre-~-1-s-e-£3-~ed4e6.------c-Tw-i-~fl-e-r-a-b-e-l-aw-s----,------a-g-la-s-s~~~~~~~~~--~~-
rod, a metal probe, and the experimenter's finger 
in order to observe their response to various mech-
.anical stimuii. These observations confirmed two 
types of response reported in the literature 
(Haderlie 1947; Bullock 1953; Feder 1963; Matgolin 
1964). The first was a running response in which 
the limpet lifted its shell and moved away from the 
attacker. This response only occurred when a star-
fish contacted the soft body parts of the limpet. 
Contact of a single tube foot was sufficient to elicit 
this response. The s~cond response was a clamp-down 
response with the limpet pulling its shell down 
tightly to the substratum and remaining immobile. 
This response occurred when a crab attacked, when a 
limpet was prodded with an object and when a starfish 
attacked a non-running limpet species. This response 
also occurred if a limpet ran but did not succeed. in 
·-- - -----
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eluding its predator. The possibility of a limpet 
detecting a starfish at a distance was investigated 
in an experiment discussed in detail later in the 
text. 
MEASUREMENTS OF ESCAPE RESPONSES AND OTHER POSSIBLE 
ESCAPE MECHANISMS 
Running Response 
The running response was measured in an aquarium 
in which a grid pattern made up of one square cent-
imeter units v1as inscribed on the bottom (Fig. 5) . 
A trial was started by placing a limpet in the aquar-
ium and leaving it undisturbed for a period of five 
to ten minutes. A.specimen of Pisaster ochraceus 
was then placed in the aquarium a few centimeters 
away from the limpet. After the starfish contacted 
the soft body parts of the limpet, the number of 
squares traversed by the limpet in a thirty-second 
period was recorded. The shell length of the limpet 
was also recorded. Sixty-six Notoacmea scutum, 60 
Collisella pelta and 30 Collisella digitalis were 
tested. An attempt was made to test a variety of 
sizes. An analysis of variance (Anova) showed a 
---- ---- -
-------~~---- ----------
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Figure 5. Apparatus used in the examination of the 
differences in running response among the 
three limpet species. 
- 18 -
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highly significant difference among the species: 
N. scutum had the greatest escape velocity, c. pelta 
- -
had a lesser escape velocity and ~· digitalis remain-
ed practically immobile (Fig. 6). Linear regression 
analysis indicated (Fig. 7) that a regression for 
escape velocity (running response) as a function of 
shell length, was significant for ~· scutum (p < 0.05) 
but the unexplained deviations were highly significant 
(p < OiOOl). Regressions for ~· pelta and £· digitalis 
were not significant. Margolin (1964) conducted a 
study similar to the experiment mentioned above but 
he only recorded a plus or minus response and the 
detection of the difference between C. pelta and N. 
scutum was not possible from his data. 
Clamp-down Response 
Pisaster ochraceus was observed removing clamped-
down limpets from the substrate by applying horiz-
ontal tension until the limpet was dislodged. The 
starfish then rolled the limpet over and fed on the 
soft parts. The force required to dislodge a limpet 
was measured in the field by attaching a soft drink 
pull ring to the shell. Horizontal tension was then 
gradually applied with a spring-loaded weight scale 
- 20 -
Figure 6. Mean escape velocity (em/sec) and the 95% 
confidence limits for the three limpet species. 
CD is Collisella digitalis. CP is collisella 
pelta. NS is Notoacmea scutum. The analysis 
is presented in the Appendix, part I. A. 
1-----------------------------------
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Figure 7. Escape velocity (em/sec) as a function 
of limpet shell length (in rnm.) for the 
three limpet species. 'A' represents data for 
Notoacmea scutum. 'B' represents data for 
Collisella pelta. 'C' 
Collisella digitalis. 
represents data for 
The equations for the 
linear regression lines are at the top of each 
graph. The analysis is presented in the 
Appendix, part I. B. 
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until dislodgment occurred. The units of tension 
were in pounds of pull. The pull ring was attached 
to the shell with cyanoacrylic glue and strapping 
tape.; This experiment did not include Collisella 
digitalis because of the difficulty in attaching the 
pull rings to their smaller shells. Twenty-three 
Notoacmea scutum and twenty-one Collisella pelta 
were tested. A linear regression analysis (Fig. 8)" 
indicates that the terisi6ri needed to remove a limpet 
increases linearly with the basal area of the shell 
(as computed by {~}X{rr}X{length}X{width}) for ~· pelta -- --- --- - ----
and N. scutum. However, the 95% confidence limits 
oyerlap indicating that there is no significant diff-
erence between species. 
Limpet Shell Shape 
Limpet shell shape appeared to deter predation by 
Cancer antennarius. This crab attacked limpets by 
placing the palm of its chelae around the top of the 
limpet shell and exerting pressure until the apex 
was broken off. The crab seemed to have greater diff-
iculty .in obtaining a grip on the flattened shells of 
Notoacmea scutum as opposed to the more pointed shells 
of Collisella pelta. To test this, equal numbers of 
1-----------------------------------------
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Figure 8. Horizontal tension (measured in lbs of 
pull) required to remove a limpet from the 
substratum as a function of basal area of the 
shell. The solid lines represent the linear 
regression lines and the dashed lines repres-
ent the 95% confidence limits. The equations 
for the regressions are given in each graph. 
The analysis is presented in the Appendix, 
part II. . , 
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limpets .of each species in three size classes were 
presented to the crab in a twenty-four hour period. 
Five limpets of each species were presented in each 
shell length class (6-15rnm, 16-25rnm and 26-35rnm). 
The experiment was repeated three times with a diff-
erent crab (8.8-11.4cm across carapace) for each 
trial. Length, width and height measurements of the 
shells were made before and after the trials to 
determine the dimensions of the eaten limpets and 
the survivors. A Principal Components Analysis was 
conducted on the pooled data to determine which shell --------------
characteristics contributed to limpet mortality 
(Appendix part III) . The analysis yielded two signif-
icant principal components. The first, Cl, can be 
interpreted as overall size and contributed 90% of the 
total variat~on of the shells. The variation is large 
because different size classes were purposely included 
in the experiment. 
Cl = 0.599 length + 0.587 width + 0.546 height 
The second component, C2, is interpretable as the 
ratio of height/(length + width) which is a measure of 
the steeepness or pointedness of the shell. This com-
- 28 
shells. 
C2 = -0.290 length - 0.476 width + 0.830 height 
In the graph of Cl vs. C2 (Fig. 9), it is shown that 
as overall size and steepness increase, mortality in-
creases. Therefore, the larger and more pointed the· 
shell, the more susceptible is the limpet to predation 
from Cancer antennarius. In this experiment Collisella 
pelta incurred 75% of the total mortality. 
The other graphs (Figs. 10 & 11) involve the, contri-
bution of the C3 component. It is evident from the 
graphs that this component does not resolve the eaten 
fraction from the survivors. However, since this com-
ponent is not significantly different from zero, these 
graphs represent the contributions of the two compon-
ents individually. Neither component by itself will 
resolve the eaten fraction from the survivors and 
therefore both are involved. It is of interest to note 
that the C2 component will separate the two species 
which is an illustration that Notoacmea scutum is flat-
ter in profile than Collisella pelta. 
In view of the results from the preceding experiment, 
another experiment was conducted to determine if the 
---~---
--------- ---- ··-
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Figure 9. Principal Component Scores for Cl (over-
all size) and C2 (steepness of shell) . The 
eaten limpets are encircled. The Cl axis is 
incremented in 1.0 units and the C2 axis is 
incremented in 0.2 units. The analysis is 
presented in the Appendix, part III. 
~------
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Figure 10. Principal Component scores for C3 (non-
significant component) and C2 (steepness of 
shell). The eaten limpets are encircled. 
Both a~is are incremented in 0.1 units. The 
analysis is presented in The Appendix, part 
III. 
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Figure 11. Principal Component scores for C3 (non-
significant component) and Cl {overall size) . 
The eaten limpets are encircled. The C3 axis 
is incremented in 0.1 units and the Cl axis 
is incremented in 1.0 units. The analysis 
is presented in the Appendix, part III. 
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limpet species and to determine the relationship of 
the Cl and C2 components to the tidal gradient. Two 
vertical transects incremented in 0.3 meter intervals 
with an overall width of 1.5 meters were positioned 
on two randomly chosen rocks in the intertidal zone. 
Limpets with a shell length larger than 5rnrn were 
removed from the rocks, identified to species, 
measured in three shell dimensions (height, length & 
width) with vernier calipers and their vertical pos-
ition in the transect recorded. 
The volume of the shell (as computed by {l/3}X{'IT}X 
{length}X{width}X{height}) was used as the estimate of 
the Cl component. The volume (Fig. 12) of Collisella 
digitalis increased with tidal elevation. Collisella 
pelta did not vary significantly in volume over the 
tidal gradient. Notoacmea scutum inhabited the lowest 
zone and seemed to decrease in size as tidal elevation 
increased but the trend was not significant. The 
results seem to follow the predictions of Vermeij (1972) 
and Bertness (1977) who suggest that, because of pred-
ation pressure, gastropods residing in the lower zones 
will decrease in size as tidal elevation increases 
while, conversely, gastropods from the upper zone will 
- 36 -
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Figure 12. Mean volume of the limpet shell with 
95% confidence limits as a function of 
tidal elevation for Notoacmea· s·cutum, 
C'ollisella p·el·ta and·, Co11isella· digitalis. 
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of physical stress. This is because the juveniles 
should establish themselves in the area of least 
stress. 
The height/(length + width) ratio (Fig. 13) was 
significantly different among the three species of 
limpets with Notoacmea scutum having the flattest 
profile, Collisella pelta intermediate and Collisella 
digitalis having the steepest profile. Also, linear 
regression analysis (Fig. 14) indicated that this 
ratio has a very significant linear increase as 
tidal elevation increases. 
Detection of Pisaster ochraceus at a Distance 
Another type of escape mechanism investigated was 
the ability of the limpets to detect Pisaster 
ochraceus at a distance. The purpose of this study 
was to determine if Collisella pelta, Collisella 
digitalis and Notoacmea scutum could detect P. 
ochraceus, thereby modifying their behavior and if 
the limpet species had different detection abilities. 
The experimental design was a modification of an 
experiment conducted by Phillips (1975). Phillips' 
primary objective was to determine if Collisella 
---~----
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Figure 13. Mean height/(length +width) ratio of 
the limpet shells with the 95% confidence 
limits for the three species; Notoacmea 
scutum (NS}, Collisella pelta (CP) and 
Collisella digitalis (CD). The analysis is 
presented in the Appendix, part IV. A. 
- -~~-----·-----
- 40 -
-.c 
-o ~ 0.25 
I + 
.c 0. 2 0 I 
-0 
; 0_ .. 1 5 
-~----~~-~ 
..J I 
,0.10 
.... 
.c .~ 0.05 
Q) 
:t: 
CD CP NS 
Limpet Species 
!------------~-~----~--~ ---~ --------- -~---~--~-~~--~--~--
- 41 -
Figure 14. Height/(length + width) ratio of the 
limpet shells as a function of tidal elev-
ation. The solid line represents the linear 
regression. The dotted lines are the 95% 
confidence limits. The analysis is presented 
in the Appendix, part IV. B. 
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ochraceus at a distance and what the effects of 
inclination of substrate, light and current direction 
would have on detection ability. 
Phillips concluded that both limpet species 
responded very strongly to the presence of Pisaster 
ochraceus by moving away from the predator. Further-
more, the limpets appreared to express positive rheo-
taxis regardless of substrate inclination and a gee-
tactic response modified by light on a vertical 
inclination. He reported that negative geotaxis 
occurred in the dark but a slightly positive geotaxis 
occurred with overhead lighting. There was also a 
slight difference in limpet response between light 
and dark conditions on a horizontal substratum such 
that the response to P. ochraceus was slightly weaker 
in the light. 
For the present study, a horizontal inclination 
was chosen to minimize the geotactic responses. 
Observations were made in a watertable (lm X O.Sm X 
6.3cm) with a current flowing in one direction and 
lines inscribed on the bottom of the watertable 
perpendicular to the flow. The lines were spaced one 
centimeter apart and were numbered from 1-80 with 80 
+---------TI'l-----'t=-Ile---ttH:-'itE:-JhtTee-ss-t"t:-----edii:o7WWn-s-~~~~~-en;_. ____ A_ ~r-~"C?n-s-±-s t-
---~ 
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ed of placing the limpets on the 40 centimeter line 
and then recording their position with respect to 
the lines twenty minutes later. When a starfish was 
present, it was placed in a screened (PVC) enclosure 
upstream between the 1 and 5 centimeter lines. The 
watertable was drained and cleaned after each trial. 
The experiment was conducted in both natural daylight 
conditions and darkness. A close fitting cover was 
used to produce the conditions of darkness. 
This design is similar to that used by Phillips 
with the exception of the inscribed lines. Phillips 
only recorded direction of movement from a central 
line or cumulative distance in one of two directions 
for the species. His method did not allow the in-
clusion of limpets that did not move in the analysis 
which eliminated 17 to 59% of the limpets used in a 
trial. As the method used in the present study 
measured differences in position rather than direction, 
all limpets could· be used in the analysis. 
Two additional new factors included in the present 
study were initial orientation of the limpets and 
limpet size. Initial orientation may be important in 
that the limpets may move only in the direction they 
-----
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This factor was controlled by orienting all of the 
limpets upstream prior to a trial and then repeating 
the trial with the limpets initially orien~ed down-
stream. Limpet size was varied in the experiments 
with Collisella pelta .and Notoacmea scutum by util-
izing two size classes based on shell length (ll-20rnm 
& 21-30mm). Size was not varied in experiments with 
Collisella digitialis. One size class (ll-20rnm) was 
used. 
Twelve limpets were used as replicat'es for each 
subcell of the total design for the experiments with 
Collisella pelta and Notoacmea scutum and eighteen 
limpets were used as replicates for each subcell of 
the total design for the experiments with Collisella 
digitalis. The measured variable for all three species 
was line position. 
A two-way Anova was performed on the data from the 
trials with Collisella digitalis for the light and for 
the dark conditions. The two factors being limpet 
orientation and the presence or absence of Pisaster 
ochraceus. A three-way Anova was used in the analysis 
of the data from the other two species for the light 
and for the dark conditions. The three factors were 
_:::;_:L_~~--CiffiL t-1l§ __ p_:t" e sen c e or 
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absence of P. ochraceus. The analysis (Figs. lSa & 
lSb) revealed that Notoacmea scutum responded sig-
nificantly (p < 0.05) to the presence of the starfish 
over all factors but only in dar~ness. The ~priori 
comparisons (Fig. lSb) indicated that N. scutum 
migrated significantly (p < 0.001) farther downstream 
(when initially oriented downstream) in the presence 
of P~ ochraceus than when the starfish was absent. 
This limpet species appeared to move less upstream in 
the presence of the starfish (when initially oriented 
upstream) than when the starfish ~as absent but the 
difference was not significant. The presence or 
absence of P. ochraceus did not make a significant 
difference over all factors for Collisella pelta, but 
notably, when this species was oriented upstream it 
moved significantly farther upstream (closer to the 
starfish) when the starfish was present as opposed to 
when it was absent. Collisella digitalis did not 
deviate significantly for any of the variables. 
These results show that some ability to detect P. 
ochraceus exists in~· scutum, less:ability may·e~ist 
in £· pelta and no ability exists for £· digitalis. 
The orientation factor was significant for all 
·---------------------------------- ---------- -- --------------- ---------------------------------
- --~ ---
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distance - Mean position of the limpets in 
the watertable after twenty minutes for each 
of the main factors in the analysis. 'U' is 
initial upstream orientation. 'D' is initial 
downstream orientation. 'P' is starfish 
present. 'A' is starfish absent. Limpet 
size was not shown because it was not a 
significant factor. Significant differences 
are listed in the column marked 'Difference'. 
'NS' is not significant. Waterflow is from 
left to right. The analysis is presented in 
the Appendix, part v. A., B. and c. 
1-----------------------~ -~----~--
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Figure 15b. Detection of Pisaster ochraceus at a 
distance - Mean position of the limpets 
after twenty minutes for the ~ priori 
comparisons within the main factor, Test. 
'A' is starfish absent. 'P' is starfish 
present. Significant differences are shown 
in the column marked 'Difference'. 'NS' is 
not significant. Waterflow is from left to 
right. The analysis is presented in the 
Appendix, part V. D. 
----~~-~ 
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species which means that limpets tend to move in 
the direction they were initially oriented in 
regardless of the presence or absence of Pisastei 
ochraceus. Limpet size was not a significant 
factor. 
Phillips (1975) found that Notoacmea scutum 
-------\------------- - - -
reacted strongly to the presence of Pisaster 
ochraceus under both light and dark conditions 
while the results of this experiment indicate 
that the reaction only occurs in the dark and is 
not strting. Since the experimental design of the 
two studies was basically the same, it can be 
concluded that the difference in results is 
attributable to the inclusion of the orientation 
factor and all of the non-moving limpets in the 
analysis. 
Cephalic Tentacle Length 
It was observed that the running response can 
be triggered by a tube foot from Pisaster ochraceus 
contacting the cephalic tentacles of the limpet. 
These tentacles are usually extended when the 
limpet is in motion. Since longer tentacles would 
- 52 -
give a limpet an advance warning of an approaching 
starfish, the limpet may be able to start its run 
sooner and thereby increase its chances of surviv-
al. To determine if the limpet species had diff-
erent tentacle lengths, twenty-three Notoacmea 
scutum, twenty-three Collisella pelta and thirteen 
Collisella digitalis of various sizes were relaxed 
in a 0.05% solution of Propylene-phenoxitol (in 
seawater} for a period of four hours. The shell 
length and cephalic tentacle lengths of each limpet 
were measured and the arcsine transform of the 
ratio tentacle length/ shell length was computed. 
Anova (Fig. 16). indicated that ~· scutum has the 
longest tentacles for a given shell length, C. 
pelta has shorter ones and C. digitalis has the 
shortest. 
EFFECTIVENESS OF ESCAPE RESPONSES - MORTALITY 
Given all of the various escape mechanisms, how 
effective are they collectively for one species of 
limpet over another in preventing mortality due to 
predation? An attempt to answer this question was 
made by allowing the predators to feed on mixed 
- 53 -
- ----------
- ----- --
Figure 16. Mean cephalic tentacle length/ shell 
length ratio and 95% confidence limits for 
Notoacmea scutum {NS), Collisella pelta (CP) 
and Collisella digitalis (CD) . The ratio 
is graphed in the angular transform. The 
analysis is presented in the Appendix, part 
VI. 
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populations of limpet species of different size 
classes. The mixed populations consisted of five 
limpets of each species in each size class. Three 
size classes 6-15mm, 16-25mm and 26-35mm were 
offered to Pisaster ochraceus and Cancer antennarius 
and four size classes 6-lOmm, ll-15mm, 16-20mm and 
-- --------------------------- --------------- - ----- -
21~25mm were offered to Pachygrapsus crassipes. 
Each experiment was replicated three times using 
different starfish or crabs. The limpets were 
replaced daily and the number eaten recorded. 
Collisella d'igitalis was not included in this study 
because of its high non-predator mortality in the 
watertables. This species would crawl up the side 
of the watertables above the waterline and dry out. 
These experiments were modified from the preference 
experiments designed by Murdoch (1969) . 
Pisaster ochraceus 
Since Pisaster ochraceus was the most important 
predator numerically, the experiments involving 
this species were more complex. The first exper-
iment was designed for analysis by a three-way 
Anova with the three factors being limpet size, 
- 56 -
predator size and limpet species: Three size 
classes of P. ochraceus (based on arm length) 
4-7cm, 8-llcm and 12-lScm 'ivere used in the exper-
iment. The length of each trial was five days. 
The results of the experiment indicated that 
Collisella pelta (Fig. 17) experienced significantly 
------------------------ ---------- -- -- --- -- ---- ---- -- --
greater mortality (p < 0.001) than Notoacmea 
scutum. The analysis also indicated a highly 
significant difference (p < 0.001) among limpet 
sizes and among starfish sizes (p < 0.01). However, 
the interaction between the two factors was sign-
ificant (p < 0.01) indicating that they are not 
independent. An inspection of the data revealed 
that larger starfish tend to eat larger limpets 
and smaller starfish tend to eat smaller limpets. 
As the density of this predator can be quite 
high, it was of interest to determine if the mort-
ality relationship was maintained in a situation 
where the predator density was greater. This 
experimental design was identical to the previous 
experiment except that only one size class of 
starfish (8-llcm) was used and the predator density 
was increased three-fold. The results were the 
- 57 -
Figure 17. Mean limpet mortality of each size class 
of limpet (in rnrn.) for each size class of 
Pisaster ochraceus. The analysis is present-
ed in the Appendix, part VII. A. 1). 
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same (Fig. 18) as in the previous experiment. 
Cancer antennarius 
The limpet mortality experiments using Cancer 
antennarius and Pachygrapsus crassipes were designed 
-----. ______ for-anal¥-sis-by--a-two'""way-Anova with the two factors 
being limpet size and limpet species. The C. 
antennarius used in this set of experiments were 
average sized (8.8-11.4cm across the carapace). Two 
experiments were conducted with this crab; 1) a study 
in which one crab was used with successive trials 
(daily)for replication and 2) a study in which three 
crabswere used as the replicates with all trials 
occurring simultaneously over a.one day period. The 
results (Fig. 19) indicated a highly significant 
difference (p < 0.01 and p < 0.05) .in mortality 
among limpet species with Collisella pelta again 
experiencing higher mortality than Notoacmea scutum. 
The~ priori comparisons (Appendix part III. B.) 
indicated the signifiicant difference observed among 
species occurred primarily in the upper size class 
of limpets. 
----~--------
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Figure 18. Mean limpet mortality of each size 
class of limpet (in mm.) when the density of 
the medium size class (8-llcm arm length) of 
Pisaster ochraceus is increased threefold. 
The analysis is presented in the Appendix, 
part VII. A. 2). 
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Figure 19. Mean limpet mortality of each size class 
of limpet (in mm.) for Cancer antennarius 
experiments. The analysis is presented in 
the Appendix, part VII. B. 
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Pachygrapsus crassipes 
The crabs utilized in this experiment were large 
specimens (3.5-4.4cm across the carapace). In this 
experiment three crabs were used as replicates with 
all trials occurring simultaneously for a four day 
period. The results indicated (Fig. 20) that these 
crabs ate significantly more Notoacmea scutum than 
Collisella pelta which is the opposite of the find-
ings for the other two predators. Limpet size was 
not an important factor in this experiment. 
PREDATOR DIET 
The laboratory studies indicate that the pred-
ators will attack and eat limpets if presented, but 
do the limpets constitute a normal part of the 
predators' diets? In the case for Pisaster 
ochraceus, many field studies have been conducted 
to determine the diet of this starfish (Feder 1956; 
Mauzey 1959, 1966; Paine 1966; Mauzey, Birkeland & 
Dayton 1968; Jillson 1973). In these studies the 
percentage of limpets in the diet of P. ochraceus 
varied from 4.0% (Jillson) to 18.5% (Mauzey). It 
is obvious that the limpets are a part of the 
--~~~~~~~--~----------------·--·--·----
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Figure 20. Mean limpet mortality of each size class 
of limpet (in mm.) for Pachygrapsus crassipes 
-
experiments. The analysis is presented in the 
Appendix, p~rt VII. C. 
----------·~-
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normal diet for P. ochraceus. All of the studies 
dealt with the total diet of the starfish but did 
not consider diet as a function of the vertical 
tidal gradient. 
An attempt was made to investigate this problem 
by randomly choosing a rock each month and record-
ing the diet and position of starfish found within 
a vertical transect incremented in 0.3 meter units. 
The percentage of limpets in the diet of Pisaster 
ochraceus as it relates to tidal elevation is 
presented in Table I. 
The results indicated that prior to the depos-
ition of the sand (late June 1977), the majority 
of the limpets eaten were consumed in the lower 
levels. In July, the upward migration of the 
starfish is reflected in the results. In April 
and early June when the sand was not a factor, the 
greatest percentage of limpets in the diet was 
found in the 1'-2' tidal level where the abundance 
of Colli·sella pe:lta was greater. This is interest-
ing because the starfish were more abundant in the 
lowest level. Also 84.6% of all limpets eaten were 
~- pelta. This seems to agree with the results 
l--------f-.r:o.m--th-e-She----l-1-S-l:la-pe-S-t-ud-y-a-r:ld-t.he-Mo-J;-t.a-l-i-t-y-S-t.ud-¥-----------:----
-------·------·------
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Table 1. Percentage of limpets in the diet of Pisaster 
ochraceus as an overall percentage of feeding 
starfish and the percentage of limpets in the 
diet of starfish located at different tidal 
levels. 
- 69 -
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TIDAL ELEVATION 
MONTH OVERALL % 0'-1' 1'-2' 2'-3' 3'-4' 4'-5' 
-
March 8.50 ----- ------ ----- ----- -----
April 10.00 7.60 33.33 0 0 0 
June 8.70 6.67 33.33 0 0 0 
July 11.11 0 0 12.50 12.50 33.33 
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but as this only represents the feeding habits of 
thirteen starfish (the only ones that were eating 
limpets), it is not conclusive. 
The diet of Cancer antennarius and P'achygrapsus 
crassipes could not be studied in the field. How-
ever, there are factors that tend to indicate that 
-------- --------------------- -- ---- -- -- --- -- -- - -- -- ------ -----
limpets are part of the normal diet of the crabs. 
Shell trash found along the beach includes many 
specimens with the apex neatly removed and others 
that have chips and scrapes on the margin of the 
shell. Chapin (1968) reported that~· crassipes 
places the palm of the chelae under the shell of 
the limpet and pries upward. I also observed P. 
crass~pes attacking in this manner. It is quite 
likely that both species of crab utilize both 
methods of attack and therefore it is not possible 
to determine which crab was responsible for a 
limpet's death from an examination of the shell 
trash. It is apparent, however, that both of 
these crabs have developed very specialized tech-
niques for attacking limpets. This,.' .. in.concert~w-ith · 
the fact that crabs will readily attack and consume 
any limpets offered to them in the laboratory, 
- 71 -
suggests that the limpets form some portion of 
the crabs' diets. 
DISCUSSION 
The results of the field studies of limpet and 
------------- pr-ed-a-t-0-r--d--i-s-t-r--ibu-ti-ons----are ---surnmar--i-zed --in -F-igu-re- 21-. -- -- -- ------ ----
Notoacmea scutum is closest to the ranges of 
Pisaster ochraceus and Cancer antennarius, 
Collisella pelta is farther away and Collisella 
digitalis is the farthest away. If these predators 
are controlling the lower limits of the limpet 
distributions, then, according to the argument 
presented in the introduction, N. scutum should be 
the most efficient at escaping these predators and 
c. digitalis should be the least effecient while 
C. pelta should be intermediate in escape effect-
iveness. 
There is a negative correlation (Fig. 22) between 
limpet species survival in the laboratory mortality 
study and the vertical distance between a limpet 
species' distribution and a predator's distribution 
such that the limpet species closest to a predator's 
distribution does survive better. Notoacmea scutum 
- 72 -
Figure 21. Field survey summary of the most dense 
aggregations of each species listed in its 
approximate position along the vertical 
tidal gradient. 
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Figure 22. Summary of the mortality studies combined 
with the field survey information of relative 
species position in the tidal gradient. 
- 75 -
en 
z 
(OA!AJOS 
E 
0 
""" tn IJ..Q) 
0. Q)·u; 
(,) tn 
c 0 
0 """ +-(,) 
Cl) 
oa.: 
E Cl) 
0 :::3 
t...·-LL ._ 
0 
Q) c (,) c 
c! 
0 c 
.... g 
VI 
. 
00 
- E 
0 Cl) 
... ::J 
IJ..Q) 
(,) 
Q) c 
(,) """ c.c 
0 (,) 
-:;;o 
Cia.: 
!----
- 76 -
survived better than Collisella pelta in experiments 
with P~saater ochraceus and Cancer antennarius and 
is closer to their distributions while ~· pelta 
survived better in experiments with Pachygrapsus 
crassipes and is found closer to this predator than 
N. scutum. 
Escape mechanism ability in limpets is also 
negatively correlated with limpet species distance 
from a predator (Figs. 23 & 24). Notoacmea scutum 
displayed the best abilities in escape mechanisms 
for Pisaster ochraceus and Cancer antennarius, 
Collisella pelta had lesser abilities and Collisella 
digitalis displayed the worst abilities in the 
mechanisms studied. 
Limpet species' survival from predation is then 
directly related to a limpet species' escape mech-
anism ability. In order to survive, a limpet species. 
with poor escape mechanisms would be able to escape 
predation by moving out of the predator •·s range. 
This would then cause the observed lower_ limit 
differences of the limpet distributions. 
,· " ..... 
Therefore, it is concluded that' Pisa·ster·, ochraceus 
and Cancer ant·ennarius play a role in limiting the 
- 77 -
Figure 23. Summary of the three limpet speciesr 
different abilities to escape predation 
from Pisaster ochraceus combined with the 
field survey information of relative species 
position in the tidal gradient. 
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Figure 24. Summary of the limpet species 1 different 
abilities to escape predation from Cancer 
antennarius combined with field survey 
information of relative species position in 
the tidal gradient. 
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lower regions of the limpet distributions. Since 
P. ochraceus is present in the area normally 
occupied by the limpets, is the most important 
numerical predator and since limpets have developed 
a large number of escape mechanisms specific to 
this predator, it is assumed that this starfish 
plays a larger role than ~· antennarius in defining 
the lower limits of the limpet distributions. The 
role of C. antennarius is not as clear because its 
diet is not well understood and the extent of its 
foraging range is unknown. 
It is interesting to note that Pachygrapsus 
crassipes preyed more heavily on Notoacmea scutum 
than Collisella pelta and that C. pelta is closer 
to the distribution of this crab. P. crassipes 
is normally located above the limpets in the inter-
tidal zone. It is possible that ~· crassipes is, 
to some extent, responsible for maintaining the 
upper limits of limpet distributions, but more 
data would be needed to confirm this. In any 
event this crab should be taken into account in 
any studies involving the distributions of upper-
intertidal limpets. 
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It is also of interest to note that the steep-
ness of the limpet shells increases linearly with 
tidal elevation which is an important factor in 
avoiding predation from Cancer antennarius. Davies 
(1959) suggested that the steepness of the shell is 
also related to the limpets' abilities to withstand 
The 
steeper the shell, the better the limpet is able 
to withstand dessication. If this is true in the 
acmaeid limpets, the ability to withstand dessica-
tion and the ability to avoid predation from ~· 
antennarius would be inversely related as a function 
of a single morphological characteristic that would 
be selected as a result of both biological inter-
actions and physiological stress. 
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APPENDIX 
I. ANALYSIS OF THE RUNNING RESPONSE 
A) Comparison of Mean Escape Velocity 
(centimeters/30 sec.) 
1) Anova table 
Source df FS 
Among Limpets 
Within Limpets 
To ta 1 
2 
153 
155 
116.878*** 
2) .£ QOSteriori Student - Newman - Keu1s Test 
SQecies v cm/30 sec. v em/sec rank 
c. digitalis 0.1050 0.004 3 
c. Qe1ta 1.8208 0.061 2 
N. scutum 4.4280 0.148 1 
Rank 1 2 3 
v 4.4280 1.8208 0.0150 
n. 
1 66 60 30 
Rank y n. 
1 
1 4.4280 66 ------
2 1.8208 60 2.6072 ------
3 0.1050 30 4.3230 1.7158 -------
LSR Tot a 1 (0.9918) < Observed Range (4.3230} 
LSR ( 1~2) (0.5697) < Observed Range (2.6072) 
LS R (2-+3) (0.4545) < Observed Range (1. 7158} 
-
--
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APPENDIX - 2 
B) Linear Regression Analysis 
Escape Velocity as a function of Limpet Shell .Length 
1) Notoacmea scutum Anova Table 
Source 
Among groups 
___________ -~- __ --~- ~---- _ g_)(pl a toed_ 
unexplained 
Within 
To ta 1 
df 
21 
1 
FS 
39
·
68 *** 8y.x = 0.1614 
7.91* 
20 29.68*** a = 1.0154 
44 
65 
2) Collisella pelta- Anova Table 
Source df FS 
Among groups 19 28.62*** B y.x 0.0327 
explained 1 0.70 NS 
unexplained 18 29.07*** a 1.0932 
Within 40 
Tot a 1 59 
3) Collisella digitalis - Anova Table 
Source df FS 
Among groups 9 0.99 NS By.x = 0.0282 
explained 1 2.80 NS a = 0.2305 
unexplained 8 0.82 NS 
Within 20 
To ta 1 29 
i -------------
~ 
,--,------
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II. ANALYSIS OF THE CLAMP-DOWN RESPONSE 
Linear Regression Analysis 
Force Needed for Removal as a function of Limpet Shell 
Basal Area 
A) Collisella pelta - Anova Table 
--- --- -- -- -- -------Sautee 
Explained 
Unexplained 
Total 
df 
1 
19 
20 
B) Notoacmea scutum -
Source df 
Explained 1 
Unexplained 21 
To ta 1 22 
FS 
146.34*** 
An ova Table 
FS 
53.95*** 
By.x = 0 0 011 
a = -1.622 
By.x = 0.008 
a = 0.818 
C) Estimated v•s and their 95% confidence limits 
Basal Area Estimated pu 11 L1 L2 
500 N . scutum - 4.82 3.01 6.63 
c 0 pelta - 3.88 2.42 5.34 
1000 N . scutum 
-
8.82 7.65 10.01 
c 0 pelta - 9.38 8.49 10.27 
1500 N. scutum- 12 0 82 11. 34 14.30 
c 0 pelta 
-
14.88 13.78 15.98 
2000 N . scutum- 16 0 82 14.46 19 0 18 
c 0 pelta 20.38 19.04 21. 72 
-----
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D) Test of Equality of Slopes 
FS = 4.1036* p<0.05 
III.ANALYSIS OF MORTALITY AS A FUNCTION OF SHELL SHAPE 
Principal Components Analysis 
A) Correlation matrix of length, width and height 
-- --me-a-surements-
Length 
1.00000 
0.98383 
Width 
0.98383 
1. 00000 
Length 
Width 
Height 0.81557 0.75594 
Height 
0.81557 
o./'5594 
1.00000 
B) Eigenvalues 
,\1 = 2. 707 ,\2 = 0.281 
C) Eigenvector Matrix 
Length 
Width 
Height 
>..1 
0.599 
0.587 
0.546 
% Total variation 90.23 
>..3 = 0.011 
>..2 
-0.290 
-0.476 
0.830 
9.37 
>..3 
-0.747 
0.655 
0. 115 
0.04 
IV. ANALYSIS OF THE HEIGHT/(LENGTH & WIDTH) RATIO 
OR C2 APPROXIMATION (arcsine transformed) 
A) Comparison of Means 
1) Anova Table 
Source 
Among Limpets 
Within Limpets 
--------------------~iotctl 
df FS 
139.75*** 
--
-~---
---------------------
- 91 -
APPENDIX - 5 
2) a priori comparisons 
N. scutum vs. ~· pelta FS = 130.12*** 
C. pelta vs. ~· digitalis FS = 25.04*** 
B) Linear Regression Analysis 
Height/(Length & Width) as a function of Tidal 
-- ----- -E-1-e-v-a-t-i-on----
Source 
Among groups 
explained 
unexplained 
Within 
Tot a 1 
df 
4 
1 
3 
126 
130 
FS 
21.09*** 
16 7. 32 *** 
0.48 NS 
B = 1.750 y.x 
a =19.496 
-
------
v. 
-------- ----- --
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ANALYSIS OF THE LIMPET SPECIES' ABILITY TO DETECT 
A PISASTER' OCHRACEUS AT A DISTANCE IN LIGHT OR 
DARK CONDITIONS 
A) Notoacmea scutum - Three way Anova 
Initial Orient. vs. Limpet Size vs. Test (Starfish 
present or absent) 
--- -- ~ Anova T-abl~e 
Source df FS (light) FS (dark) 
Among Size 1 1. 08 NS 0.09 NS 
Among Test 1 1. 40 NS 5.64 * 
Among Orient. 1 4.99 * 5.89 * 
2-way' interactions 
Test X Size 1 0.21 NS 0.21 NS 
Size X Orient. 1 o.oo NS 0.97 NS 
Test X Orient. 1 0.23 NS 0.13 NS 
3-way interaction 1 0.08 NS 1. 40 NS 
Within 88 
Tot a 1 95 
B) Collisella pelta - Three way Anova 
Initial Orient. vs. Limpet Size vs. Test (Starfish 
present or absent) 
~ 
,---,---~-
~---
------ -------
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An ova Table 
Source df FS (light} FS {dark} 
Among Size 1 0.56 NS 0.52 NS 
Among Test 1 0.30 NS 0.58 NS 
Among Orient. 1 12.79 *** 4.25 * 
2-way interactions 
--- ---- - - --- -- - -------- - - -- -- --- -- ----
Test X Size 1 2.41 NS 1. 38 NS 
Size X Orient. 1 2.64 NS 1. 23 NS 
Test X Orient. 1 5.91 * 2.00 NS 
3-way interaction 1 0.26 NS 1. 01 NS 
Within 88 
Tot a 1 95 
C) Collisella digitalis - Two way Anova 
Initial Orient. vs. Test (Starfish present or 
absent) 
Anova Table 
Source df FS {light} FS (dark) 
Among Test 1 0.04 NS 0.69 NS 
Among Orient. 1 4.50 * 0.02 NS 
Interaction 1 0.05 NS 0.87 NS 
Within 76 
Total 79 
-
,.--,--------
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D) A priori comparisons - Starfish present vs. 
Starfish absent within each orientation 
1) Notoacmea scutum 
-
,.--,------
Conditions Orientation FS 
light upstream 0.25 NS 
downstream 1. 38 NS 
--- - ------ - -----
__________________ d_grk upstream 2.02 NS __ 
downstream 152.73 *** 
2) Collisella pelta 
Conditions Orientation FS 
----------
light upstream 4.37 * 
downstream 1. 7 4 NS 
dark upstream 0.22 NS 
downstream 2. 31 NS 
3) Collisella digitalis 
Conditions Orientation FS 
light upstream 0.00 NS 
downstream 0.09 NS 
dark upstream 1. 56 NS 
downstream 0.01 NS 
- -- ------
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VI. ANALYSIS OF CEPHALIC TENTACLE LENGTH 
CEPHALIC TENTACLE LENGTH/SHELL LENGTH (arcsine trans.) 
Comparison of Means 
A) Anova Table 
Source 
____________________ AmQn_g_ LirnpE:!ts 
Within Limpets 
To ta 1 
B) A .Q_riori comparisons 
N. scutum vs. £. pelta 
C. pelta vs. £. digitalis 
VII. ANALYSIS OF MORTALITY STUDIES 
A) Pisaster ochraceus 
df 
2 
56 
58 
FS 
FS 
1) Three-way Anova - Starfish 
vs. Limpet Species 
Source 
Among Star Size 
Among Limpet Size 
Among Limpet Species 
2-way interactions 
Star Size X Limpet Size 
Star Size X Limpet Sp. 
Limpet Size X Limpet Sp. 
3-way interaction 
Within 
To ta 1 
FS 
58.46 
39.31 *** 
28.21 *** 
*** 
Size vs. Limpet Size 
df FS 
2 6.86 ** 
2 12.01 *** 
1 28.01 *** 
4 4.21 ** 
2 1. 35 NS 
2 1. 47 NS 
4 0.84 NS 
36 
53 
----------·------------···· 
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2) Analysis of mortality experiment with predator 
density increased threefold 
Two-way Anova - Limpet species vs. Limpet Size 
Source 
Among Limpet Species 
,----- ------- ------ ----- --- --- -- ------A-mon-g----L-impet Si--ze--
Interaction 
Within 
To ta 1 
B) Cancer antennarius 
df FS 
1 8.76 
') 11 !::') 
'" 
-r.vc. 
2 1. 19 
12 
17 
1) Mortality experiment with one crab and 
successive trials 
* 
* 
NS 
Two-way Anova - Limpet Species vs. Limpet Size 
Source df FS 
Among Limpet Species 1 13. 51 ** 
Among Limpet Size 2 9.67 
Interaction 2 3.30 NS 
Within 18 
Total 23 
A priori comparisons - Among species within 
size classes 
Size Class 
26-35mm 
16-25mm 
6-15mm 
FS 
19.19 *** 
2.70 NS 
0.30 NS 
--;---
-
-------
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2) Mortality experiment with three crabs and 
simultaneous trials 
Two-way Anova - Limpet Species vs. Limpet Size 
Source 
Among Limpet Species 
_____________ -~lfl_On_g_ Lj_ m pet S i z e 
Interaction 
Within 
C) 
Total 
A priori comparisons 
size classes 
Size Class 
26-35mm 
16-25mm 
6-15mm 
Pach,tgrapsus crassipes 
Two-way An ova - Limpet 
Source 
Among Limpet Species 
Among Limpet Size 
Interaction 
Within 
Tot a 1 
df FS 
1 7.84 * 
2 8.92 * --- --- ----
2 1.48 NS 
12 
17' 
-
Among species within 
FS 
7.68 * 
3.00 NS 
0. 12 NS 
Species vs. Limpet Size 
df FS 
1 6.00 * 
3 0.22 NS 
3 0.22 NS 
16 
23 
-
----------
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A priori comparisons - Among species within size 
classes 
Size Class 
---- --- ---- -- --- ---21~-2 5mm ____ _ 
16-20mm 
11-15mm 
6-10mm 
FS 
0.67 .NS __ 
0.17 NS 
0.67 NS 
0 0 17 NS 
-
--------
